Objective. Expanded clinical experience with patients treated by pembrolizumab has accumulated. However, renal toxicities associated with this anti-programmed cell death 1 agent are poorly described because kidney histology is rarely sought. As a nephrology referral centre, we aimed to describe the clinic-biological and histopathological characteristics of pembrolizumab-related nephropathy and its response to treatment.
INTRODUCTION
Agents that block the interaction between programmed cell death 1 (PD-1) receptor and programmed cell death ligand 1 (PD-L1) and which inhibit cytotoxic T lymphocyte antigen 4 (CTLA-4) are transforming the therapeutic landscape in oncology. These so-called immune checkpoint inhibitors (ICPIs) target these key immune regulatory pathways and thereby unleash a restrained T cell-mediated anti-tumour response [1] . The interest has grown recently in ICPIs as anti-cancer agents. Extensive research was conducted over the past few years evaluating their efficacy in the management of a variety of cancers [2] [3] [4] . Likewise, the safety profile of ICPIs has generated considerable research interest [5] [6] [7] [8] [9] .
Pembrolizumab (KEYTRUDA V R , Merck & Co., Inc., Kenilworth, NJ, USA) is a highly selective monoclonal IGg4-kappa (immunoglogulin G4-Kappa) isotype antibody that selectively binds to PD-1 blocking the receptor's negative impact on lymphocyte function [10] . Pembrolizumab has been explored in a series of trials in patients with advanced melanoma and in other cancers such as renal cell carcinoma (RCC), lymphoma and others. In a pooled analysis based on randomized controlled trials including 3953 patients, the overall incidence of any pembrolizumabbased therapies emergent adverse events was 74.3% [95% confidence interval (CI): 0.671-0.805] [11] including all-grade rash (14.8%, 95% CI: 0.102-0.204), pain (13.7%, 95% CI: 0.011-0.689), pruritus (17.7%, 95% CI: 0.128-0.240), vitiligo (11.0%, 95% CI: 0.089-0.169), arthralgia (11.3%, 95% CI: 0.082-0.154) and dry mouth (10.0%, 95% CI: 0.045-0.206) [11] . There is, however, no mention of kidney disorders.
In this study, we conducted a prospective analysis of 12 biopsy-proven pembrolizumab-related nephropathies. We describe here the clinical and biological presentation of pembrolizumab-associated kidney disease, the kidney pathology data and the response to treatment.
MATERIALS AND METHODS

Patients
This is a single-centre large case series study concerning an observational cohort of patients. We analysed patients who were referred for acute kidney failure and/or proteinuria following pembrolizumab therapy and all of them underwent kidney biopsy (KB).
All patients gave informed consent for the anonymous use of their personal health data. Each patient medical record was thoroughly reviewed with the collection of clinical, biological and pathologic data at onset, at diagnosis, and at last follow-up. This study was approved by the local ethics committee and was in accordance with the Helsinki Declaration of 1975.
The clinical and laboratory studies were assessed at the time of KB, and follow-up data were available for all patients (Table 1 ). Each patient was followed over time for the development of specific endpoints, including progression to severe kidney failure and death.
Histology
All biopsy specimens had a part for light microscopy (fixed and prepared using standard techniques) and a part for immunofluorescence-labelling studies [immuoglobulin (Ig) G, IgM, IgA, Kappa and Lambda Ig light chains, fibrin, C3 and C1q anti-sera tests on frozen biopsies]. Kidney light microscopy specimens and immunofluorescence results were systematically reviewed by a senior pathologist without access to the patients' files.
Statistical analyses
A two-sided chi-square test was used to compare all qualitative variables. Mann-Whitney rank testing was applied for all comparisons of quantitative variables. The results are expressed as mean values unless otherwise stated. A P < 0.05 was considered to be statistically significant.
RESULTS
Clinicopathologic characteristics
Twelve Caucasian patients (seven men) out of 676 pembrolizumab-treated patients in our centre were included in the study (incidence 1.77%). Median age was 69.75 years (range 46-84 years). The most common cancer was metastatic melanoma (nine patients, 75%). Other affected organs/cancers were Hodgkin's lymphoma, endometrium and ileal neuroendocrine tumour (NET). Pembrolizumab was used at standard dosage (2 mg/kg intravenously every 3 weeks).
Kidney involvement occurred at a median time of 9 months (range 1-24 months) after the beginning of treatment, characterized by acute renal failure defined by an estimated glomerular filtration rate (eGFR) < 60 mL/min/1.73 m 2 (11 patients, 91.5%), proteinuria (2 patients, 16.6%, with proteinuria >3 g/day), microscopic haematuria (3 patients, 25%) and/or aseptic leucocyturia (4 patients, 33.3%). Mean serum creatinine (SCr) and aMDRD creatinine clearance were 96.4 mmol/L (range 70-147) and 62.5 mL/min/1.73 m 2 (range 43-80), respectively.
Kidney biopsies identified three distinct types of renal damage associated with pembrolizumab therapy: acute interstitial nephritis (AIN; four patients, 30%), acute tubular injury (ATI; five patients, 41.6%) and minimal change disease (MCD; two patients, 16.6%) (Figure 1 ). Patients with AIN also had tubulitis (four patients), flattening of the tubular epithelium (four patients) and interstitial fibrosis. No significant glomerular deposit was found by immunofluorescence analysis. Transmission electron microscopy analysis in nephrotic syndrome (NS) case (Patient 2) showed marked effacement of visceral epithelial cell foot processes in some areas (Figure 2 ). Histopathological findings are summarized in Table 2 .
Clinical outcome
The median follow-up was 13 months (range 1-36 months). 
DISCUSSION
This study, which is the largest series of biopsy-proven pembrolizumab-related nephropathies published so far, focused on the clinical, biological and pathological presentation of this complication. Kidney involvement related to pembrolizumab can lead to acute kidney injury (AKI) and/or NS associated with AIN, ATI and podocytopathy like MCD, respectively.
As previously reported, two different types of immunerelated kidney injury have been reported under immune checkpoint inhibitors (ICPI) therapy: AIN and more rarely glomerular diseases [12, 13] (Table 4) . Indeed, most of the ICPI-related AKI presented as acute tubulointerstitial nephritis (ATIN) pattern on kidney biopsies (88%), 25% of which were associated with granulomatous features [12] [13] [14] [15] . The knowledge of the timing of onset of AKI may not be as helpful as in other immune-related adverse events (irAE). However, extrarenal irAE such as hypophysitis and colitis preceded AKI in half of the cases, the existence of which might have helped diagnose renal irAE.
ATI
About half of our patients had ATI. Those patients had more frequently cardiovascular risk factors and marked histological vascular lesions and are more frequently men than AIN patients. Two of them received platinum but at least 1 year before pembrolizumab was introduced. None of our patients was treated with non-steroidal anti-inflammatory drugs or BRAF (B-Raf proto-oncogè ne) inhibitors. Thus, the underlying vascular field may have favoured the occurrence of ATI without being the cause. In fact, decrease in kidney function occurred after pembrolizumab started. We believe that the ATI is due to pembrolizumab related to an unknown mechanism (Table 5) . This is an important point as many oncologists presume that AKI developing with ICPI therapy is due to AIN and treat with steroids without getting a biopsy. This would be the incorrect therapy for AKI in such patients. Hence, there is a requirement for more such studies of KB tissue to work out the pathomechanism of kidney injury by these drugs. Source: Adapted from Jhaveri and Perazella [13] .
AIN
One-third of our patients had AIN. None of them was using other molecules that could give AIN, in particular non-steroidal antiinflammatory drugs (NSAIDs), antibiotics or pump proton inhibitor (PPI), nor had eosinophilia or rash. Two clinical reports of ipilimumab-, nivolumab-and pembrolizumab-related adverse kidney effects have been reported [15, 16] . Based on a listing of 13 patients who reported ICPI-induced AKI, described by Cortazar et al. [15] , the median time for AKI development was 3 months (21-245 days). AKI events (4.9%) were more commonly observed in patients on combined ICPI therapy, compared with those on ICPI monotherapy (ipilimumab 2.0%, nivolumab 1.9% and pembrolizumab 1.4%). ATIN was observed in 12 patients (3 with granuloma formation). Among the 12 patients with ATIN, glucocorticoid treatment of 10 patients resulted in a complete (2 patients) or partial (7 patients, as in our cases) recovery of kidney function. Four patients required haemodialysis despite treatment with glucocorticoids, of whom only two required chronic dialysis. No improvement in kidney function was seen in the remaining two patients with ATIN, who did not receive glucocorticoid treatment. The overall incidence of AKI was 2.2% among 3695 patients. The incidence of Grade III or IV AKI or the need for dialysis was 0.6% [15] .
Shirali et al. [14] reported six cases of biopsy-proven ATIN developed between 3 and 18 months following therapy with nivolumab and pembrolizumab for lung cancer. Similar to the observations described by Cortazar et al. [15] , renal function improved back to baseline level following discontinuation of the ICPIs and potential co-offending drugs, combined with the introduction of steroid treatment in five out of six patients. No patient required haemodialysis. One patient developed recurrent AKI following ICPI rechallenge [14] .
Finally, a trial in melanoma patients treated with ICPIs identified that, based on autopsy results, 4 of the 12 treated patients developed interstitial nephritis, including one patient with granuloma [17] .
These studies highlight the variable, and often prolonged, time course between drug exposure [2 weeks to 8 months; and, in some cases, extending beyond drug cessation (2 months)] and the development of kidney injury [14, [18] [19] [20] .
Although initial studies showed a low incidence of AKI associated with ICPI, emerging data suggest an incidence ranging from 9.9% to 29.0% [21] .
The mechanism of injury is assumed to involve cell-mediated immunity as other drug-induced AIN as T-cell-dominant infiltration of the kidney interstitium. ICPI therapy may promote a permissive environment for the migration of T-cell effector(s) into the kidneys, thus initiating an inflammatory response that could clinically lead to ATIN [22] . ICPIs may reactivate exhausted drugspecific T cells previously primed by nephritogenic drugs, and consequently, due to loss of tolerance, memory T cells are activated against the drug. It is noteworthy that 14 out of the 19 patients reported by Cortazar et al. [15] and Shirali et al. [14] were on culprit drugs associated with ATIN (proton pump inhibitors and non-steroidal anti-inflammatory drugs) [23] . Thereby, KB is needed as patients frequently have ATI/ATN, which is likely unrelated to the ICPI. This will allow the clinician to potentially continue the ICPI without exposing the patient to corticosteroids. Alternatively, ICPIs could synergistically potentiate antigen recognition and T-cell proliferation in lymph nodes and provoke untethered cytotoxic T-cell effects in the periphery, not only against the tumour, but also against normal tissues [20] .
Glomerulonephritis
To our knowledge, only a few other cases of glomerulopathies, mainly podocytopathy-like minimal change nephropathy/focal segmental glomerulosclerosis (MCN/FSGS) (n ¼ 7), immune complex glomerulonephritis (GN) (n ¼ 3) or proteinase 3 anti-neutrophil cytoplasmic auto-antibodies (PR3-ANCA) vasculitis (n ¼ 1) associated with cancer immunotherapy, have been described [24] [25] [26] [27] [28] [29] [30] [31] (Table 6 ).
As shown in Table 5 , glomerular disease occurred after 1-72 weeks of therapy with ipilimumab (three cases), nivolumab (three cases) and pembrolizumab (five cases including ours). These cases highlight the variable and often prolonged time course between drug exposure (1 week to 18 months) and clinical recognition of kidney injury. In these cases, ICPI therapy was prescribed for various cancers [metastatic melanoma (five), renal cell carcinoma (two), Hodgkin's lymphoma, lung squamous cell carcinoma (LSCC), mesothelioma and ileal NET (one each)]. In 10 patients, kidney histology was obtained with a diagnosis of podocytopathy-like MCD/FSGS (two, one and four cases for ipilimumab, nivolumab and pembrolizumab, respectively), lupus-like membranous nephropathy (MN) (ipilimumab, one case) or IgA nephropathy (nivolumab, two cases). One patient on ipilimumab had additional inflammatory interstitial infiltrate (associated with MCN) and three patients on pembrolizumab or nivolumab, ATI. One patient developed rapid granulomatosis with polyangiitis and vasculitis unleashed by pembrolizumab treatment. Oral cyclophosphamide (CYC), 150 mg once daily and pulse methyl prednisone induced rapid resolution of symptoms [31] .
Treatment with glucocorticoids coupled with discontinuation of ICPIs resulted in complete improvement of proteinuria and/or kidney function. One patient (pembrolizumab) required transient haemodialysis and died because of melanoma evolution. Two patients (pembrolizumab and nivolumab, one patient each) required transient haemodialysis. In one case of MCD with ipilimumab, complete remission of NS was observed under drug withdrawal with steroid use. Two years later, ipilimumab was restarted as salvage therapy. Four months following reintroduction of ipilimumab therapy, the patient developed HT (5) HT (1) T2DM (1) T2DM (1) IHD (1) MGUS (1) Carcinoid HD (1) Horton disease (1) Stroke (1) ARA (1) ARA (4) recurrence of proteinuria and NS. Ipilimumab therapy was again discontinued, with subsequent remission of proteinuria [26] . The remaining patient (our second patient) with NS who did not receive corticosteroids while maintaining pembrolizumab, had no improvement in kidney parameters. We distinguish two glomerular disease type: podocytopathylike MCD/FSG and immune complex GN.
(i) Among the podocytopathy-like MCD/FSG, cancers and in particular haemopathies (Hodgkin's lymphoma) and drugs are the most common causes [32] [33] [34] [35] [36] [37] .
Besides the proposed mechanism based on a remote production of a 'permeability factor' that may cause release of cytokines promoting podocyte foot-process effacement via candidate factors such as vascular endothelial growth factor, which is known to act on systemic capillaries and the glomerular permeability barrier [38, 39] , the pathogenesis of NS/MCD can be explained otherwise. Indeed, the finding of de novo podocyte CD80 expression in NS may suggest a more direct link between the innate immune response and podocyte injury [26, 40] . Interestingly, both the PD-1 and CTLA-4 pathways modulate T-cell activation through signals involving antigenpresenting cell CD80 (B7-1) [41, 42] . As such, a direct effect by these agents on podocyte CD80 (B7-1) may also be possible [26] . However, there remains a doubt about the MCD mechanism (cancer or drugrelated) since PD-1 was not performed on the kidney biopsies.
(ii) Three immune complex GN cases are reported [lupus-like MN (n ¼ 1) and IgA nephropathy with (n ¼ 1) or without (n ¼ 1) crescentic GN].
PD-1 checkpoint knockout mice developed glomerulonephritis [43] suggesting that PD-1 signalling pathway is important for minimizing T-cell-mediated renal inflammation.
Although it may be difficult to prove a causal relationship between IgA nephropathy and ICPI therapy, recent studies have shown that galactose-deficient IgA molecules and anti-glycan antibodies play a role in immune complex formation in patients with IgA nephropathy [44] , suggesting a possible role of nivolumab in the occurrence of IgA nephropathy cases [27] [28] [29] . However, there might be some association as IgA nephropathy is very common in the world and it is not certain whether ICI is triggering anything there.
(iii) Additionally, one case of positive PR3-ANCA granulomatosis polyangiitis (GPA) related to pembrolizumab treatment has been reported. Unfortunately, KB was not performed despite proteinuria and haematuria. Likewise, several forms of vasculitis, including large-vessel vasculitis have been reported after ipilimumab treatment [24, 45, 46] . Together, aberrant expression of PD-1 on Th cells in GPA [47] and polymorphisms in PDCD1 (the gene encoding PD-1) and the cytotoxic T-lymphocyte-associated protein 4 (CLTA4) gene [48] are reported to play a role in the pathophysiology of GPA, highlighting the important role of PD-1 in the development of GPA [31] .
Such pathophysiologic hypotheses merit further investigation to improve our understanding of the immunopathogenesis of these poorly understood glomerular diseases [26] .
CONCLUSION
Given the increasing prevalence of ICPI therapies, the small incidence of kidney adverse events and the fact that glomerular disorders are atypical, physicians need to pay more attention to the possible renal side effects. Early biopsy and use of corticosteroids may be warranted in some cases.
